The phase stepping algorithm is commonly used for phase retrieval in grating-based differential phase-contrast (DPC) imaging, which requires multiple intensity images to compute one DPC image. It is not efficient for data acquisition, especially in the case of dynamic imaging using either DPC imaging or DPC-based come beam CT (DPC-CBCT) imaging. A Fourier transform-based approach has been developed for fringe pattern analysis in optics, and it was recently implemented into a synchrotron-based DPC tomography system. In this research, this approach is further developed for a bench-top DPC-CBCT imaging system with a hospital-grade x-ray tube. The key idea is to separate carrier fringes and object information in Fourier domain of the interferogram and to reconstruct the differentiated phase information using the object information. Only one interferogram is required for phase retrieval at a cost of spatial resolution. The fringes of moiré patterns are used as the carrier fringes, and a phantom is scanned to evaluate the approach. Various interferograms with different carrier fringe frequencies are investigated and the reconstruction image quality is evaluated in terms of contrast, noise and sharpness. The results indicated that the DPC images can be effectively retrieved using the Fourier transform-based approach and the reconstructed phase coefficient showed better contrast compared to that of attenuation-based contrast. The spatial resolution is acceptable in the phantom studies although it is not as good as the results of phase-stepping approach. The Fourier transform-based phase retrieval approach is able to greatly simplify data acquisition, to improve the temporal resolution and to make it possible for dynamic DPC-CBCT imaging. It is promising for perfusion imaging where spatial resolution is not a concern.
INTRODUCTION
Differential phase-contrast imaging (DPC) attracts increasing research interest as it makes phase imaging possible using a hospital-grade x-ray tube [1] [2] [3] [4] [5] . The commonly used phase-stepping algorithm requires at least three phase steps to retrieve one DPC image [2] , and consequently, a differential phase-contrast cone beam CT (DPC-CBCT) scan needs to acquire multiple intensity images (phase-stepping images) at each view angle. This is acceptable for static anatomy imaging. For a dynamic imaging procedure, however, the anatomy of the object changes with time, and therefore the multiple phase-stepping images taken at different moments at the same angular position cannot be used to faithfully retrieve the correct DPC image for DPC-CBCT reconstruction. There is a necessity to apply an alternative phase imaging approach that uses only one intensity image at each view angle for dynamic DPC-CBCT imaging.
A moiré pattern-based approach has been developed for fringe pattern analysis in optics [6] , and it was recently implemented by Momose et al into a synchrotron-based DPC tomography system [7] [8] [9] . The key idea is to extract the phase information of x-rays through analyzing the distortion of interference fringes. The approach is to separate the carrier fringes from the first-order phase shift information in the Fourier domain of the interferogram and to retrieve the DPC information by inverse Fourier transform. The cone beam reconstruction is then performed using these DPC images to reconstruct the phase coefficient of the object. As only one interferogram is necessary for phase retrieval, this approach potentially solves the difficulty inherent with the phase-stepping approach for dynamic imaging. The tradeoff is that the spatial resolution of the reconstructed DPC image is limited by the spatial frequency of the carrier fringes.
In this research, the moiré pattern-based approach is implemented into a bench-top DPC-CBCT system that uses a hospital-grade x-ray tube for the first time. The major challenge is that the x-rays from a hospital-grade tube with a source grating is only partially coherent and the coherence length is not as large as that of a synchrotron radiation, which may result in low fringe contrast and degraded image quality in the retrieved DPC image. By optimizing grating quality and system alignment, our system was able to produce good fringe contrast in the interferogram and DPC images using the moiré pattern-based phase retrieval approach. This work is a preliminary study of dynamic DPC-CBCT imaging using a hospital-grade x-ray tube.
The next section describes the principle of the moiré pattern-based phase retrieval approach and the experiment setup. Section 3 demonstrates how this approach works using a acrylic ball phantom and quantitatively compares the results of DPC-CBCT reconstruction to that using the phase-stepping method using a cylinder phantom. Section 4 concludes this research.
MATERIALS AND METHODS
2.1 Idea of moiré pattern-based phase retrieval approach The moiré pattern of a interferogram, which has a spatial frequency f 0 , is distorted with the presence of an object in the optical beam as a result of phase change. The degree of distortion is determined by the differentiated phase shift by the object. Assume in a two-dimensional detector system the pattern is parallel to the x-axis, then the interferogram can be expanded to the first order as [6] :
T nz is the nth Talbot distance, d is the period of the self image formed at the Talbot distance and ( )
is the differentiated phase shift (the first derivative along x-axis) introduced by the object, which is the target DPC image. Equation (1) can be Fourier transformed along y-axis (perpendicular to the moiré pattern) as:
Proc. of SPIE Vol. 8313 83132R-2 Therefore, the object information One concern in implementing this approach to our DPC-CBCT system is that while moiré pattern appears, the system is actually misaligned with a lower fringe contrast, which may result in lower contrast, higher noise and worse phase wrapping in the resulting DPC image than the phase stepping approach in which the system should be well aligned.
Bench-top differential phase-contrast cone beam CT system using a hospital-grade x-ray tube
A bench-top differential phase-contrast cone beam CT system has been designed and built in our laboratory for this study. The x-ray generating system consists of a hospital-grade x-ray tube (Varian Rad-70D, Varian X-ray Products, Salt Lake City, UT) and a high-frequency x-ray generator (SHF1635MAMMO-480VAC, Sedecal USA, Arlington Heights, IL). The camera system includes a CMOS detector (RadEye HR (High Resolution) detector, Rad-icon Imaging Corp, Santa Clara, CA) and a frame grabber (PXD 1000, Imagenation, Beaverton, OR). An interface board together with software control, was developed to control the timing of x-ray shot and image acquisition. The phantom is mounted and rotated on a tomography sample stage (B4836TS Stage, Velmex Inc. Bloomfield, NY).
Gratings were fabricated at Cornell NanoScale Facility with an effective area of 60mm x 60mm on 4-inch <110> silicon wafers. Gratings and system are optimized for an effective x-ray energy of 24 keV (wavelength of 0.518 Å). Grating periods are 30.7 μm, 8.0 μm and 4.6 μm respectively for the source grating, phase grating and analyzer grating. The duty cycle is 50% for both phase grating and analyzer grating. Source grating opening width is 18 μm, and the distance between source grating to phase grating is 118 cm, which produces a coherence length of 3.4 μm in the horizontal direction. The first fractional Talbot distance (17.72cm) is used in the setup. Figure 1 and detailed system parameters are listed in Table 1 . Figure 1 . Overview of the bench-top differential phase-contrast cone beam CT system using a hospital-grade x-ray tube. 
Experiment design
For a slightly misaligned system, the moiré pattern can be curved, non-parallel or parallel in any direction. To obtain a parallel pattern in the horizontal direction, the grating system was firstly well aligned to produce maximized pattern period (larger than the detector dimension) and maximized fringe contrast. Then while keeping the surface planes of the phase grating and analyzer grating parallel, the phase grating was rotated by a small angle (~1.5 degree) to generate the desired moiré pattern. Given that the detector pitch is 22.5um and several pixels are needed to display one period of the fringe pattern, a spatial resolution of ~1-2 lp/mm is expected for the retrieved PDC image.
Then the phantom was mounted on the rotation stage to produce a distorted moiré pattern at each view angle. The Fourier transform-based approach described in Section 2.1 was used to retrieve the DPC image for each moiré pattern.
As the gratings themselves are not uniform, a background moiré pattern image was acquired and the background DPC image was retrieved, which was then subtracted from the DPC images from all view angles to correct the background uniformity. DPC-CBCT Reconstruction was finally performed using the Hilbert filter-based filtered backprojection (FBP) algorithm. The result was compared to that of the phase-stepping approach with eight steps. The exposure of one interferogram (moire pattern image) is equivalent to the total of eight steps that generate the same DPC image.
An acrylic ball of 4mm in diameter and a cylinder phantom of 25.4mm in diameter were scanned using the bench-top DPC-CBCT system where at each view angle, only one interferogram was acquired to compute the DPC image. 60 DPC images were acquired for DPC-CBCT reconstruction of the acrylic ball while 120 DPC images were used for the cylinder phantom. The x-ray tube was operated at 40kVp and the exposure is 96mR per DPC image for the acrylic ball and 192 mR per DPC image for the cylinder phantom. Figure 2 . Illustration of the moiré pattern-based phase retrieval approach using an acrylic ball phantom (diameter=4mm). The spatial frequency of moiré pattern is 1.1 lp/mm for row (A) and 2.2 lp/mm for row (B) . Row (C) shows the DPC image retrieved using eight phase steps for comparison. 
Moiré image distorted by object
Sagittal Sagittal Figure 2 demonstrates the procedure how to retrieve a DPC image from a distorted moiré pattern for the acrylic ball. Figure 2 (a) and (b) show moiré patterns with different spatial frequency, namely 1.1 lp/mm and 2.2 lp/mm, which generate the first order component at different location in the Fourier domain. The upper peak is then shifted to the zero frequency in the middle, and the DPC image is calculated from its inverse. In comparison, eight step images are required to retrieve a DPC image as shown in figure 2 (c) . Visually the DPC images retrieved using moiré pattern-based approach are comparable to that from the phase stepping approach, although the later one shows clearer edges, better contrast and lower noise. Figure 3 shows typical DPC-CBCT reconstruction in both axial and sagittal slices of the acrylic ball. Despite lower background uniformity, the axial views reconstruction from moiré pattern-based DPC images with both spatial frequency look very similar to that using phase-stepping approach. In the sagittal view, however, both moiré patternbased reconstructions show distorted edges and the image with the spatial frequency of 1.1 lp/mm is the worst, which is the result that the image resolution is limited by the carrying fringe frequency of the moiré pattern. Figure 4 shows the reconstructed axial slices and sagittal slices of the cylinder phantom, which comprises four inserts (polycarbonate, polyimide, polystyrene and polytetrafluoroethylene) immersed in water background. Although the moire pattern-based approach shows less uniformity, higher noise and less contrast, the reconstructions are visually comparable in both axial and sagittal slices. The background uniformity, noise level and contrast of the four inserts are measured and compared to that of the phase stepping approach. To be more illustrative, the measurements are normalized to the water background, as shown in Table 2 . Compared to the phase stepping approach, the moiré pattern-based approach produces a 20% less object contrast. 
CONCLUSION AND DISCUSSION
We have successfully implemented the moiré pattern-based phase retrieval approach in a bench-top DPC-CBCT system with a hospital-grade x-ray tube. Phantom studies indicate that the final reconstruction image quality using the new method is close to that of the phase stepping approach in terms of contrast and noise level. The longitudinal resolution of the reconstruction using 1.1 lp/mm is lower than that of 2.2 lp/mm as can be seen that the edge of the acrylic ball is deformed for 1.1 lp/mm in the sagittal view. As indicated in Figure 4 and Table 1 , Object contrast manifested using the new approach is comparable to that of the phase-stepping approach. A centered dark area is observed in both sagittal slices, which might be caused by defect in the gratings. There is large room to further improve the image quality by improving grating quality, experiment alignment and data processing. The preliminary results of this research solved the problem of fast data acquisition for phase retrieval, and potentially it can be combined with the method proposed in reference [5] for dynamic DPC-CBCT imaging. To facilitate future research, the detector will be replaced with a faster detector and other system components will be modified to perform continuous rotation and acquisition functions.
